Abstract. Observations of the terrestrial ion transport and budget in the magnetosphere are reviewed, with stress on low energy ions in the high-altitude polar region and inner magnetosphere, for which Cluster significantly improved the knowledge.
Introduction
Due to much higher inertia and different cross sections compared to electrons, ion behaviour in the space is less coherent with local fields than electron behaviour. Together with additional complication of specie-dependence, ion phenomena in the magnetosphere is still to be understood. These less understood phenomena include circulation of heavy ions such as oxygen (Chappell et al., 1982; Craven et al., 1985) . This paper reviews 25 mainly this circulation part of terrestrial ion based on Bartels Medal lecture at EGU General Assembly 2019, with stress on finding by Cluster and are not covered by review papers on ion circulations (Moore et al., 1999 , Blanc et al., 1999 , Walker et al., 1999 Ejiri, 2003, Darrouzet et al., 2009; Welling et al., 2015) . Since Cluster Ion Spectrometory (CIS) COmposition DIstribution Function (CODIF) is not design to separate more than four main species H + , He ++ , He + , and atomic ions of the CNO grounp (Rème et al., 2001) , all heavy ions are pedagogically called O + , which is the most abundant 30 among heavy ions (Hamilton et al, 1988 et al.; Yau and Whalen, 1992) , as is in the conventional manner. The paper is organized as following. Ionospheric heavy ions are found almost everywhere in the magnetosphere (Chappell et al., 1972 , Shelley et al., 1972 , Hamilton et al., 1988 . They are observed even in the high-latitude magnetosheath and plasma mantle (Lundin, 1985 , Eklund et al., 1997 .
Likewise, outflow of ionospheric heavy ions has also been observed (e.g., Moore et al., 1999 , André, 2015 . There are three types of outflow, which is mainly classified by detection method: (1) cold filling to the plasmasphere (Park, 1974 , Welling et al., 2015 , (2) cold supersonic outflow to the inner magnetosphere and magnetotail such as polar wind (Sue et al., 1998; 45 Engwall et al., 2006; , and (3) ions with suprathermal energy above the ionosphere (e.g., Eliasson et al., 1994) or with higher energy at higher altitude (e.g., Möbius et al., 1998) .
Cold filling
The cold filling has never been directly detected, but can be estimated from the variation of the plasmasphere (Craven et al., 1997; Darrouzet et al., 2009; Sandel, 2011 . The refilling ions are most likely dominated by thermal H + 50 (90% of total density) with secondary population of He + (10% of total density). This ratio most likely applies to the refilling flux. The abundance of O + is very little but still expected 1-5% of total density, which is much higher than that of the Jeans escape. The refilling mechanism is not yet completely understood (Darrouzet et al., 2009; Gallagher et al., 2016) . (Engwall et al., 2009) 
Cold supersonic outflow
The cold supersonic outflow here means flow of ion with kinetic energy much higher than thermal energy but lower than 55 the satellite potential when it is positive, i.e., inside dense plasma under sunlit (Seki et al., 2003; Engwall et al., 2006) . For Cluster case, active potential control did not help detecting it (Sauvaud et al., 2004) . Su et al. (1998) . Engwall et al., (2006) found a new method, although indirect, to obtain the velocity and flux of this cold 60 supersonic outflow in the lobe region where density is very low. According to this indirect method, typical velocity of these outflowing cold ions at 10−15 R E from the Earth, i.e., after centrifugal and the other bulk acceleration, is 25 km/s (3 eV) as shown in Fig. 1 (Engwall et al., 2009 ).
There are many reports of in-situ thermal ion observations (e.g., Pollock et al., 1990; Yau and Whallen, 1992 ) that claims polar wind detection (cold supersonic outflow in the present observational terminology), but most of them have high O + outflow flux with much higher velocity than this cold supersonic outflow, and they are actually the suprathermal described below, including the apogee observation by Su et al. (1998) .
Suprathermal and hot outflows
The last category (suprathermal ions and hot ions) is the one that can be directly detected by the ion instruments. In very few direct observations that identified both cold supersonic outflow and hot outflow, they are well separated in energy (Olsen, 1992;  70 Seki et al., 2003) . The largest sources of these ions in the ionospheric are around the cusp and the auroral oval (Moore et al., 1999; Peterson et al., 2001) . In this paper, suprathermal ions and hot ions are not subdivided because the former is further accelerated to become the latter at high-altitudes (Lennartsson et al., 2004; Arvelius et al., 2005; Nilsson et al., 2006) Kp was 7+ and the IMF BY < −50 nT, which moved the northern cusp dawnward and southern cusp duskward (Yamauchi et al., 2005b) the other hemisphere (Hultqvist, 2002; Yamauchi et al., 2005b) . Fig. 2 shows one such example in the dayside observed by Freja during 21 February 1994 magnetic storm event when the interplanetary magnetic field (IMF) was extremely dawnward 75 (Yamauchi et al., 1996c (Yamauchi et al., , 2005b ). In such a condition the northern cusp shifts toward prenoon whereas southern cusp shifts toward postnoon, and hence the signature of the southern cusp can be detected in the northern postnoon well separated from the northern cusp signature. Thanks to prenoon-to-postnoon traversal with 63
or in
• inclination that is fitted to detect the cusp during substorms, Freja detected cusp-related outflow in both the northern hemisphere as suprathermal ions and the southern hemisphere as injecting hot ions after traveling all the way through the inner magnetosphere. The much higher energy of these 80 injecting ions indicates acceleration during the travel.
One unexpected feature for this event is that the energy ratio between O + and H + is about 15 when comparing at the same location, and about ∼ 20 when comparing the energies of most intense injections. This indicates that they have the same velocity rather than the same energy even after considering the possible velocity filter effect (ions with the same field-aligned velocity arrives at the same location under substantial perpendicular convection). Cluster statistics of the hot outflowing ions 85 at high-altitude polar region also shows that energization is toward the same velocity rather than the same energy (Nilsson et al., 2006) . Polar apogee observation at 8 R E , which is normally in the polar cap, showed the ratio of field-aligned bulk Su et al., 1998) . However, the value is underestimated because the upper energy threshold of the instrument was 350 eV (∼60 km/s for O + ), whereas Cluster statistics that showed that more than half the O + outflow events at that altitude had energy higher than 350 eV (Arvelius et al., 2005) . Nevertheless, the result is 90 larger than 0.25 that corresponds to the same energy.
These observations indicate that the energization of the dayside hot ion outflow at mid-and high-altitudes are mainly by waves or other non-thermal processes (Moore et al., 1999; Lennartsson et al., 2004; Waara et al., 2011) . This applies even at ions is plotted as a function of the solar wind dynamic pressure for different IMF clock angle (CA), which is defined as 0 • for northward IMF (Schillings et al, 2019) low-altitudes because majority of the dayside outflowing ions at low altitudes are conic-like at low altitude rather than beam like (Norqvist et al., 1996; Peterson et al., 2008) . On the other hand, a substantial part of nightside outflow is in the beam 95 form (Norqvist et al., 1998; Peterson et al., 2008) 0.1 for suprathermal energy range (thermal ion instrument for < 50 eV) and is close to 1 for hot ion energy range of > few eV up to tens keV (Moore et al., 1999; Curry et al., 2003; Peterson et al., 2001; Sandhu et al., 2016) . Similar difference is also found on the solar EUV effect (not solar zenith angle but F10.7) between the suprathermal ion observation by Akebono (Cully et al., 2003) and the hot ion observation by Cluster (Schillings et al., 2019 Peterson et al., 2001 ). On the other hand, Cluster altitude is high enough for suprathermal ions sufficiently accelerated, while cold supersonic outflow are still < 5 eV, as mentioned above. For the EUV effect, the O + enhancement for high EUV can be explained by the enhanced number density without extra energy for non-thermal energization at higher altitudes requires the solar wind energy input. In fact, response of the ionospheric density and ion outflow to the 6-8 September
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2017 event showed density enhancement after X9.3 flare without enhancement of ion outflow, which increase after the arrival of solar energetic particle event or coronal mass ejection 
Cold filling to plasmasphere
The destination of cold filling is mainly the plasmasphere as mentioned in Section 2.1. The refilling rate is estimated from the recovery of plasmasphere after loosing massive amount of cold ions as the plasmaspheric plumes (Sandel and Denton, 2007; Darrouzet at al., 2008) or outward wind because these loss are most likely lost to lost to the space rather than returning. 
Known destination for cold supersonic outflow
The destination of the cold supersonic outflow is not yet clear except the tail plasma sheet because the measurement is possible only in the low-desity lobe region (Engwall et al., 2006; André, 2015) . Since the observation is not easy, we have no knowledge on the other possible destinations. Engwall et al. (2009) In the lobe, the plasma convection across the geomagnetic field cannot be ignored compared to the outflow velocity, making the velocity filter effect between H + and He + significant unless the acceleration is to exactly the same velocity for different masses. If the Polar observation at 5000 km altitude by Su et al. (1998) 
Various destinations for hot outflow
For the suprathermal and hot ions, the destination depends on the starting location and condition in the ionosphere. The dayside outflow has wide destination ranging the tail plasma sheet, the plasma mantle, and even the magnetosheath (Shelley et al., 1972 ; Figure 4 . Prognoz-7 ion composition data in the dayside magnetosheath on 13 February, 1979 (Eklund et al., 1997) . Ionospheric ions are observed in the magnetosheath even during prolonged period of low geomagnetic activity with Kp=0. Lundin 1985; Slapak et al., 2017a, b) . Fig. 4 shows one such example in the magnetosheath and plasma mantle (Eklund et al., 140 1997).
Among these immediate destinations, direct loss to the space through the plasma mantle and magnetosheath has been underestimated before the Cluster observations. Thank to its high inclination highly elliptic orbit with large apogee distance (Polar apogee was not sufficient for such study) and proper instrumentation, Cluster could make statistics over high-latitude magne- Slapak et al., 2017a) and is larger than the total hot O + flux into the tail plasma sheet (Slapak et al., 2017b, Slapak and Nilsson, 2018) . Geotail found mantle-like population in the distant-tail plasma sheet beyond X < −150 R E (Maezawa and Hori, 1998) . They are flowing anti-sunward, supporting that mantle flow is generally lost to the space. The plasma mantle and magnetosheath are thus significant as the destination.
The outflowing ions from the nightside ionosphere, particularly for O + when the velocity filter effect is considered, may 150 flow into the inner magnetosphere and reach the other hemisphere as mentioned above (Cattell et al., 2002; Hultqvist, 2002; Yamauchi et al., 2005b) . If ions are accelerated by the parallel electric potential drops, they may reach the other ionosphere.
In fact, Freja at 1700 km altitude detected injecting ions with similar energy between H
range, suggesting that they are accelerated by parallel electric potential (Hultqvist, 2002 (Winningham et al., 1975; Woch and Lundin, 1993) , and at equatorward of the H + injection events that are found in the entire auroral zone (Yamauchi et al., 2005b) . (Hardy et al., 1989; Peterson et al., 2008; Newell et al.. 2010) , and this difference is larger in the nightside. Thus, majority of the suprathermal and hot ions outflowing toward the other hemisphere via the inner magnetosphere are not entering the ionosphere, but rather start bouncing (Quinn and McIlwain, 1979; Hiraraha et al., 1997) . 
Secondary destinations from the near-Earth tail
A significant flux of ions enters the near-Earth tail plasma sheet (−10 R E < X < −20 R E ) as the primary destination for both the cold supersonic outflow (Engwall et al., 2009; André, 2015) and the suprathermal/hot outflow (Sauvaud et al., 2004; Maggiolo and Kistler, 2014; Slapak et al., 2017b (Lennartsson, 1997 (Lennartsson, , 2001 Nosé et al., 2009 ). Some of these terrestrial ions keep flowing anti-sunward, particularly those which has large anti-sunward velocity along the geomagnetic field The rest of the terrestrial ions in this region returns to the Earth as either slow convection or bursty flows (Ohtani et al., 2004; Slapak and Nilsson, 2018) , with higher He
++

/O
+ ratio than the anti-sunward flow that are lost to the space (Lennartsson, 2001 ).
Using Cluster hot ion composition data (covering > 28 eV), Slapak et al. (2017b) derived the total sunward (Earthward) and anti-sunward flux). A complete result with Kp dependence is summarized in Table 1 , where the average value corresponds approximately to Kp=3, which gives the exponential factor as 180 about 3.3-3.9. The escaping amount through the tail plasma sheet is one order of smaller than that through plasma mantle and magnetosheath (Slapak et al., 2017a , Schillings et al., 2019 . Grünwaldt et al., 1997) , and hence instrument missed majority O + escape flux during fast solar wind conditions, i.e., when the escape flux is high (Schillings et al., , 2019 .
The return rate compared to detectable anti-sunward flow in the plasma sheet is much higher for H Once the ionospheric ions enter the plasma sheet, they are energized by heating (Sergeev et al., 1993; Lennartsson, 1997: latitudes as shown in Fig. 6a . Still it is possible to separate two components because of different temporal variations between the cold source and hot source. In fact, particle drift simulations reproduced the dual populations observed ("warm" <100 eV component and "hot" few keV component) by satellites (Ebihara et al., 2008; Yamauchi et al., 2009a) . They also showed that the cold-origin warm component varies in time much more than hot plasma sheet component, as is described in more detail in the next section. As the result, latitude-energy distribution of ions varies with MLT as shown in Fig. 6 . In the figure, north-south 205 symmetric morphologies come from Cluster orbit because it traversed the inner magnetosphere from the southern hemisphere to the northern hemisphere along the same longitude within 1-2 hours in a symmetric manner during 2001-2006. 4 Inner magnetosphere at L < 6: zoo of many processes
As illustrated in Fig. 5 , all types of outflow may enter the inner magnetosphere directly or indirectly, making the inner magnetosphere a convolution of different ions. Among those, ion population and dynamics in the inner magnetosphere with only 210 one or two sources has well studied long, with good reviews for cold plasmaspheric ions (Darrouzet et al., 2009 ), ordinary ring current ions at > 10 keV , radiation belt (Blanc et al., 1999) , and theories (Ebihara and Ejiri, 2003) .
However, sources and dynamics of hot sub-keV ions has been less understood, partly because ions in this energy range has many different sources. This paper mainly review this energy range.
The hot ion source is not only from the plasma sheet, but can directly be supplied from the ionosphere, as mentioned 215 in Section 3.3. Horwitz and Chappell (1979) found field-aligned "warm" ions of about 10 eV temperature with small bulk velocity in the inner magnetosphere and its high-temperature cases are also observed by Cluster (Yamauchi et al., 2013) . Local heating of the cold ions, particularly in the equatorial plane can also produce hot ions from the cold plasmaspheric ions (Olson et al., 1987) . Combining with, the inner magnetosphere becomes rich in various types of sub-keV ions (Yamauchi et al., 2013) .
Figs. 7-9 show some examples observed by Cluster (Yamauchi et al., 2006a (Yamauchi et al., , 2009b (Yamauchi et al., , 2014a .
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Such convolution of sources is one of the reason why the formation mechanisms for these sub-keV ions in the inner magnetosphere were not well studied, particularly the region within geosynchronous orbit or L < 6 (L is the distance to the geomagnetic field that is measured at the equator in the unit of Earth radius R E ), although many magnetospheric missions 50-30 years ago already detected these ions (Sauvaud et al., 1981; Chappell et al., 1982; Newell and Meng, 1986; Yamauchi et al., 1996a Yamauchi et al., , 2006a ). This restrictive (L < 6 or invariant latitude (Inv) < 65
• ) region is called as "inner magnetosphere" in this paper. 
Energy-dependency of ion drift
To de-convolute different sources and mechanisms, prediction of morphologies from all the known sources using ion drift simulation is useful because ion motions in the inner magnetosphere are, thanks to the strong geomagnetic field, basically dominated by magnetic (gradient-B and curvature) drift and the E×B drift. The magnetic drift (velocity V B ) moves ions westward in nearly constant in time but in an energy-dependent manner. For example, for ion energy (W ) in dipole field
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(strength at equator B), it is approximately where the factor g(α) is 2 for pitch angle α = 0
• and 3 for α = 90
• . Contrary, the E×B drift varies in time although it is energy independent, with its velocity (V E ) proportional to E/B where E = E(t) is the electric field component perpendicular to magnetic field. The E×B drift moves ions eastward during quiet time (co-rotation), but sunward drift component (westward in 235 the dusk and eastward in the dawn) is added by externally driven dawn-to-dusk electric field during active period. This motion is dominant for cold plasmaspheric ions that have zero magnetic drift velocity (Goldstein, 2006; Darrouzet et al., 2008) . Both drifts are mass independent, i.e., the drift velocity is the same if the energy is the same. Bottom panels show (f) a zoom up of (e), and (g) energy-pitch angle spectrograms of the same data.
. Adding both the magnetic and E×B drifts, westward ion drift is expected for high energy (generally > 20 keV; so called ring current) or in the evening sector, and eastward for low energy (generally > 5 keV) and in the morning sector. The combination 240 of these drifts also adiabatically energizes ions through the conservation of adiabatic invariant as
where suffix 0 denotes initial energy and location (Ejiri, 1978) . Assuming a dipole field (B ∝ L −3
), V B is larger for larger L, particularly for high α.
Using simple dipole field and dawn-dusk symmetric electric field, Ejiri et al. (1980) simulated the drift motion starting from
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10 R E and re-constructed energy-L spectrogram of virtual satellite observation over L=2-6 for both ions and electrons. In their simulation, nose-like diminishing of the westward drifting ions toward the lower latitude (nose structure) and boundary of the 
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At energy between the westward and eastward drift regimes, we expect no ion population (Collin et al., 1993; Jordanova et al., 1999) . This "gap" energy is estimated by setting the ratio of azimuthal drift velocities
as unity, where E r is the radial (duskward in the dawn sector) electric field (Yamauchi et al., 2006a) . To have a new injection from the magnetotail, we need a duskward external electric field, during which the inward electric field −E r decreases 255 with increasing local time starting from the dusk sector, making W gap also decreasing, as seen in Fig. 6 . Such a local-time dependence is statistically confirmed by Viking and Cluster Lundin, 2006, Yamauchi et al., 2006a) . (Yamauchi et al., 2009b) . These ion at the equator that is conjugate with westward auroral bulge are interpreted as a sunward propagation of high-amplitude DC electric field accompanied by polarization.
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Dynamics of cold plasmaspheric ions
For plasmaspheric dynamics, readers may refer to the review by Darrouzet et al., (2009) . Here is some extra note from a viewpoint of low-energy extreme of hot ions. Since the magnetic drift velocity is zero for cold ions, majority of the plasmaspheric 260 ions move according to time dependent E×B drift which is a summation of convection by the external electric field and the co-rotation. A sudden enhancement of duskward external electric field adds an inward motion in the midnight sector and outward motion added in the noon sector. As the result of such a pumping force, the plasmasphere is eroded in the nightside and plume is formed in the dayside, as have been reported half century ago. However, overall plasmaspheric dynamics (including erosion, plume formation, its detachment, and even smaller structures) has not been synthesized until IMAGE FUV succeeded 265 to take "photograph" of the plasmaspheric He + (Goldstein, 2006 , Darrouzet et al., 2009 ). The detachment starts near the noon, with the outer part reaching the magnetopause and escaping to the magnetosheath (called as magnetopause shadowing) in the entire afternoon sector, as is also confirmed with plasma wave data (Darrouzet et al., 2008) , while rest of plume might detach in the nightside. This agrees with the local time dependence of the demarcation energy between westward drift and eastward drift as mentioned above.
270
In addition to these cold ion dynamics, ions are often heated in the perpendicular direction to the magnetic field near the equatorial plasmapause within a few degree latitudinal range (Olsen, 1987) . These equatorially-trapped warm ions are observed during nearly all geomagnetic conditions, and are mainly found at <5 R E at all local times, i.e., in the outer part of plasmasphere (Darrouzet et al., 2009) . The development time is estimated about 1 hour but it decays before drifting over few hours in local time. Fig. 10 shows one such example observed by Cluster (Yamauchi et al., 2012) . Just limiting to the geocentric distance that
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Cluster traversed (4.0-4.5 R E at equator) and to ions more than 30 eV (strong heating), these ions are found nearly half the noon-dusk traversals during solar maximum, while probability is slightly lower in the night-dawn traversals because these ions are normally found at shorter geocentric distance there. The upper energy is normally < 100 eV for H particularly for H + , indicating two-step energization mechanisms for ring distribution. The wave modes that is responsible for such energization has not been identified.
Dynamics of hot ions injecting from tail plasma sheet
Before examining outflowing ions directly reaching from the ionosphere to the inner magnetosphere, we consider hot ions injecting from the tail plasma sheet. The basic motion of these injecting ions is described in Section 4.1, but the actual direction 285 of the drift (westward or eastward) depends on the start energy and Y location. The injecting ions have wide energy range when they arrive at edge of the inner magnetosphere (L=6 in this paper) because degree of the adiabatic energization depends on the start location in both dawn-dusk (Y ) direction and anti-sunward (−X) direction (Ejiri, 1978; Ebihara and Ejiri, 2003) . In addition, externally driven electric field varies much faster than the drift time over few hours in local time, making the injection time to a certain L-shell energy dependent and varying in time. This situation can be approximated by multiple injections. The vertical arrow at the bottom indicates the crossing of the equatorial plane that is identified by the wave activity observed by WHISPER.
Since ions at different energy has different drift velocities on the same L-shell, ions at higher energy arriving the same L-shell later than previously arrived ions overtakes. The local time of such overtaking depends on L and the electric field.
Such multiple bands of westward drifting ions are indeed observed (Ebihara et al., 2004; Vallet et al., 2007) , like at around 10 keV and above 30 keV. When the injecting flux is very large (e.g., during major magnetic storms), the westward drift of high-energy ions (> 10 keV) is fast enough to make more than one round of the Earth before decaying, causing another 295 type of multiple band at the same L shell, but that is not as often as electron that drifts around the Earth much faster than ions.
Contrary to westward drifting ions, eastward drifting ions occupy rather wide energy range because the E×B drift is energy independent. Since the externally driven electric field varies with short time scales compared to the drifting time scale as mentioned above, the morphology of eastward drifting ions significantly varies in time, as shown in (Figs. 7-9 ). As the result, the demarcation energy depends strongly on the external electric field and hence the substorm activity. For sever substorms,
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even ions > 40 keV may drift eastward at L=4-5 (Yamauchi et al., 2009a) .
Overlaying these band structures, we sometimes see vertical stripes with wedge-like energy-latitude dispersion at energies below the westward drifting band ("wedge-like structure") in the energy-time spectrogram like Figs. 7 and 11. These vertical stripes with more or less dispersion are found mainly from the midnight to morning sectors. Sometimes, the westward drifting band also ends with similar wedge-like structure, particularly in the noon to afternoon sectors.
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The energy-latitude dispersion comes from L-dependence of drift velocity for both magnetic and E×B drifts through the strength and curvature of magnetic field (cf. Eq. (3) for part of this L-dependence), as shown in Fig. 8 for 0.1 keV ions. In drift simulation and phase-space mapping (Ebihara et al., 2001) . A single simulation can also reproduce both eastward drifting components (band and the wedge-like structure), as shown in Fig. 11 .
Since the electric field in the inner magnetosphere can be modelled (Ebihara, 2003; and references therein) , one can even estimate the original energy distribution at the start location. The simulation indicates that these ions most likely originate from low-energy ions with temperature < 100 eV), i.e., ions supplied as cold supersonic flow as mentioned in Section 3.2 (Ebihara et 315 al., 2008; Yamauchi et al., 2009a) . The duration of each stripe corresponds to duration of the supply of these "cold" ions. The result suggests that these "cool" ions originated from the cold supersonic outflow, and that the destination (X distance) and/or the flux of this cold supersonic outflow to the tail plasma sheet significantly vary, although we have no clue to examine it.
Adding this velocity-filter effect, satellite that slowly traverses the inner magnetosphere can also detect the time-of-flight effect of eastward drift because if the energy dependency of the drift velocity as mentioned in Section 4.1. This effect is seen in 320
Figs. 7. After extracting temporal variation on the same L-shell using the differences between three spacecraft, and combining the observed electric field and average drift velocity, Yamauchi et al. (2006a) estimated the elapsed time as only 15-30 minutes (substorm onset was about 30 min before) after the start of dispersion with a start local time at around 6-8 MLT.
Thus, dispersion may start in the dawn sector instead of midnight sector as illustrated in Figs. 7h. This indicates that the electric field in the midnight-dawn sector can be stronger than what was previously thought, particularly for sever substorms.
Such strong electric field is also suggested by high demarcation energy of > 40 keV as mentioned above, and is theoretically possible when it is highly screwed.
Dynamics of outflowing ions directly supplied from the ionosphere
As mentioned in Sections 3.2 and 3.3, some outflowing ions from ionosphere enters the inner magnetosphere directly inside the geosynchronous orbit, particularly in the nightside (Quinn and McIlwain, 1979; Hultqvist, 2002) . Even "warm" ions < 100 eV 330 with nearly field-aligned pitch-angles are commonly found in the equatorial inner magnetosphere (Horwitz and Chappell, 1979; Yamauchi et al., 2013) . These ions are not necessarily inside the loss-cone because energization to accelerate to suprathermal and hot energy involves perpendicular heating above the mirror point. They are normally without significant O + . In this sense, this is similar to the cold supersonic flow or cold filling, and can be ignored in amount compared to plasmaspheric cold ions. (not shown here), indicating that they are directly coming from the ionosphere rather than a local heating. The ionospheric conjugate along the geomagnetic field corresponds towhere the transpolar arc and the auroral bulge meets, according to the IMAGE FUV data (Fig. 9d) . A detailed description should be reported in a separate paper. In addition, Fig. 9 shows a sudden change of pitch angles for keV ions at around 06:44 UT, without any signature in Once ions coming directly from the ionosphere start to drift, it is difficult to distinguish them from the magnetotail-origin low-energy ions just from energy spectrum. However, composition and particularly the pitch-angle distribution are often dif-360 ferent, as shown in Fig. 7 during active period. Fig. 8 Such the mixing occurs even during quiet times and in large scale. Fig. 12 shows one such example (Giang et al., 2009 ).
Wedge-like dispersed sub-keV H + with low pitch angles during 00:55-01:18 UT is followed by the wedge-like dispersed in term of energy-latitude dispersion. These correlated cases indicate that the start location is the same between difference species, i.e., the same destination of outflowing ions in the plasma sheet without velocity filter effect. This is reasonable for suprathermal and hot outflow because parallel velocity is similar between different species as mentioned in Section 2.3, For cold ions, there is no direct observation of velocity ratio between different species. If the same 380 energization mechanism involves for cold supersonic outflow and hot outflow, we expect even similar velocities and similar destination distances between different species.
Local energization of low-energy ions
In previous subsections, three major sources of sub-keV ions in the inner magnetosphere are shown: (a) direct supply from the ionosphere including bouncing ones (e.g., Figs. 7-9), (b) drifting ions from the nightside plasma sheet (e.g., Fig. 11 ), and (c) 385 local perpendicular heating of the plasmaspheric cold ions confined to the equator (e.g., Fig. 10 ). Almost all ion population in the inner magnetosphere observed by Cluster can be explained with these sources. However, mainly at around substorm onset, new ion population sometimes appears suggesting local energization. flow from the ionosphere (Yamauchi et al., 2014a) . Local and occurrence frequency suggests that the wave mode related to this heating is different from the perpendicular heating near the equator. The absence of H + strongly suggests a mass-dependent resonance frequency, although the associated wave mode has not been identified, like the equatorially trapped perpendicular heating (Fig. 10) . 
He
PC-5 related energization
The associated wave mode can be ultra-low frequency (ULF), like Pc5 pulsation of 10
Hz (Waite et al., 1986) . (Fig. 14) shows one such example observed by Viking at around 3 R E (Yamauchi et al., 1996b) . The trapped ions are bundled to certain energy together with the Pc5-range giant pulsation of azimuthal geomagnetic field in a synchronized manner. This ULF is also detected at ground conjugate over several degrees. Such energy modulation synchronizing with ULF waves is often found at 400 < 60
• Inv (L≤4, i.e., Cluster does not cover that region). In addition, conic-like energization near the loss-cone boundary was observed in this particular case. Unfortunately, this observation is unique over more than 700 Viking observations, and we do not have any good explanation of mechanism that caused the conic-like energization.
Energization by shock-like propagation
Local ion energization is not limited to local waves. Propagation of high-amplitude polarization electric field including shocks 405 can also heat ions effectively. Although such finite-amplitude structures are very rare in the inner magnetosphere, they do exist for both propagating directions: sunward (Yamauchi et al., 2009b) and anti-sunward (Araki et al., 1997) . Yamauchi et al., 2006b) . The propagation velocity inside the inner magnetosphere was as fast as the ICME velocity without 410 delay, and much faster than the propagation route through the ionosphere. In addition, spacecraft in the midnight sector near the equatorial plane detected a dipolarization of geomagnetic field started only 20 sec after the arrival of this shock at midnight, indicating that this triggered the dipolarization. Note that this is rather a unique event and this onset mechanism may not be generalized.
The opposite example, i.e., sunward propagation of large-amplitude polarization electric field is also found in the equatorial 415 inner magnetosphere at around L=4 after the substorm onset on 19, May 2002 (Yamauchi et al., 2009b) . are about 16:4:1.5, i.e., all species have nearly the same gyration speed of about 3000 km/s. The mass-dependent decrease of flux at higher energy also has the similar gyration velocity for all species (about 5000 km/s), whereas the decrease of flux at lower energy (Fig. 9c ) was seen only in heavy ions at high pitch angles but not H + (not shown here), for which the corresponding energy is outside the lower energy threshold of the ring current. Since both the magnetic and E×B drifts are mass-independent, the energy enhancement is less likely caused by drifting of new injections from the nightside. Therefore,
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the propagating polarization structure with large amplitude most likely caused the mass-dependent flux enhancement of ions. Bottom: IMAGE FUV data that shows quick expansion of auroral substorm at around 06:12 UT, which is confirmed by ground geomagnetic field data (Yamauchi et al., 2006b ).
One possibility is that ions with gyrating velocity higher and lower than 3000 km/s are somewhat decelerated/accelerated by this structure, but the mechanism is unknown.
Composition
Since the composition of inner magnetospheric ions (H 
Loss process
Among the primary motion by the ion drifts, all drift components except the E×B drift by the external electric field keep ions trapping in the inner magnetosphere, like the inner radiation belt where the effect of the external electric field is negligible.
However, the E×B drift by the external electric field drives inner magnetospheric ions in one direction rather than rounding the Earth, making them to reach the magnetopause. Once the ions reach the magnetopause, these drifting ions can leak outside the 450 magnetopause without reconnection (Sibeck et al., 1987; 1999; Marcucci et al., 2004) and start moving in the same direction as the anti-sunward (e.g., magnetosheath) flow through the ion pickup process. This is called the magnetopause shadowing and is the most effective to ions with high pitch angle (cf. α = 90 • in Equation 1) for the same energy (Blanc et al., 1999) , making ion pitch-angle distribution at equator oblique ("butterfly" distribution).
The magnetopause shadowing is well known for the detached cold plasmaspheric plumes as described in Section 4.2. Even 455 the hot sub-keV ions in the dayside inner magnetosphere may experience the same evacuation mechanism from the inner magnetosphere because the westward magnetic drift cancels the east cororation to stay in the same local time sector for sufficiently a long time to reach the magnetopause by the remaining sunward convection component. This means that, if no ions are supplied from the nightside plasma sheet, sub-keV (and even keV) ions will be evacuated through the magnetopause shadowing. Such ion evacuations are observed at the start of magnetic storm before the first ions inject (Hultqvist et al., 1981, 460 Yamauchi and Lundin, 2006) . Even a substantial portion of tens keV ions are most likely lost through the magnetopause shadowing because this is the only available explanation to make "butterfly" pitch-angle distribution.
For high-energy ions, the magnetopause shadowing becomes less important compared to the other loss mechanisms such as the charge exchange, Coulomb collisions with thermal plasma, and pitch-angle scattering to the loss cone by waves (Blanc et al., 1999; Ebihara and Ejiri 2003) . Efficiency of these local processes of ion loss is well understood for energy > 1 keV (Fox et 465 al., 1991; Ebihara and Ejiri 2003) , with minimum lifetime for ordinary ring current energy range (around 10 keV for H + and > 100 keV for O + ). Here, Coulomb collision mainly decreases the energy rather than scattering into the loss cone, and hence less contributing to the ion loss from the inner magnetosphere than its lifetime (Fox et al., 1991) . Ion drift simulations using these efficiencies has been successful, supporting the charge exchange as the dominant loss mechanism for the ordinary ring current ions than the scattering into the loss cone for radiation belt particles (Blanc et al., 1999; Ebihara and Ejiri 2003) .
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On the other hand, the efficiency for sub-keV ions becomes relatively small comparing to the time scale of the magnetopause shadowing. In fact, ion drift simulations with charge-exchange loss alone can reproduce the energy-latitude dispersion of sub-keV ions in the dayside (Ebihara et al., 2001 (Ebihara et al., , 2004 Yamauchi et al., 2009a Yamauchi et al., , 2014b . The superposed statistics sorted in terms of the delay-time from the substorm onset (injection of the sub-keV ions) also showed a sudden decrease of the observation rate of "substorm fossil" ions when these ions reaches the noon sector (Yamauchi and Lundin, 2006) . Since the local loss mechanism 475 is nearly constant in time whereas the magnetopause shadowing is the most efficient in the noon sector for sub-keV ions, the magnetopause shadowing is the most effective loss mechanism followed by the charge-exchange mechanism.
Among these loss mechanisms, magnetopause shadowing contributes the complete loss of ions from the magnetosphere whereas the scattering into the loss cone brings ions back to the ionosphere. Charge exchange is in between when only trapped ions bouncing in the magnetic bottle are considered, because the energetic neutral atoms (ENA) produced by this mechanism 480 may point both toward the Earth and toward the space depending on the motion of the source ions. Since the neutral atmospheric density is maximum near the mirror point where the ions are gyrating in nearly horizontal directions, roughly half the ions move toward the Earth and half toward the space. This applies even to bouncing ions with low pitch angles because loss cone at equator is order of only 1
Altogether, approximately half the ENA is lost and half retuning to the atmosphere. , and can be ignored compared to the first route when
The retuning flow is not necessarily returns to the ionosphere. Rather, a large portion (more than half for the sub-keV ions and near half for for the ring current ions) escape through the magnetopause shadowing and the charge exchange. The same loss mechanisms to the space applies to ions coming from nightside auroral zone such as through boundary plasma sheet 500 (BPS), a region with structured ions and electrons around keV (Winningham et al., 1975; Woch and Lundin, 1993) (Sandel and Denton, 2007; Darrouzet at al., 2008; Dandouras et al., 2013 for outward wind. Because of its low energy with very small field-aligned velocity, majority of them are expected to escape by the magnetopause shadowing or tailward detachment. this route drastically increases with the geomagnetic activities and with the solar wind energy input, as summarized in Table 1 and Fig. 3 (Slapak et al., 2017a; Schillings et al. 2017 Schillings et al. , 2019 . Since Kp is defined as nearly logarithmic scale of geomagnetic disturbances in nT, the exponential dependence given in Table 1 dynamics such as the substorm onset has long been discussed and studied Kronberg et al., 2014) . Here two substances that have been underestimated until recent are briefly explained.
Importance of O + escape on solar wind interaction
The active roles of the mixing of O + into the solar wind have long been overlooked, although its importance has been suggested for long (Yamauchi and Lundin, 1997; Winglee et al., 2002) . This is partly because the O (Yamauchi and Slapak, 2018b) . Unlike comets and unmagnetized planets, the initial charge separation during the deceleration of the solar wind by the mass loading can flow along the geomagnetic field to the conducting ionosphere to cancel the charge, as illustrated in Fig. 16 . Thus, the surplus kinetic energy can maintain the electric current circuit that closes near the ionospheric 535 cusp that is the mapping region of the entire the mass-loading area. Figure 16 . Illustration of the azimuthal charge separation when the solar wind inflow is decelerated by the start of mass loading with the outflowing ionospheric ions (Yamauchi and Slapak, 2018b) . The boundary of the start of the outflowing region is shown with orange plane.
The positive (negative) charges are always deflected by the geomagnetic field B in the opposite directions to (along) the motional electric field E, resulting in a dynamo current that causes a magnetic deviation (∆B). Because of the connectivity to the ionosphere where the charges can move across the magnetic field, the accumulated charges form a current circuit through the field-aligned currents (J // with blue and red arrows giving directions along B) closing in the ionosphere.
The principle is the same as the reconnection (Dungey, 1961; Axford and Hines, 1961) except that this process works only where O + can access the solar wind rather than the geomagnetic open/closed configuration, and hence this mechanism works only local region rather than globally. Thus, the current system by the mass-loading is independent from the global current system, and can explain the observed independency between the cusp region 1 field-aligned current and non-cusp dayside 540 region 1 field-aligned current (Ohtani et al., 1995; Yamauchi and Slapak, 2018a) . The concept of such "second openness" is originally proposed by Vasyliunas (1995) , where the open-closed boundary are defined twice, first by the solar wind access point to the magnetosphere, and second by the ionospheric ion access point to the solar wind.
where F O is total mass flux of the escaping ions into the mixing region with the solar wind (the cusp, the plasma mantle, and the magnetosheath). Although the process is local, the energy conversion rate of 10% (cf. the same order of magnitude as the reconnection rate) gives about ∆K ∼ 3 − 10 × 10 9 W, which is sufficient to explain the cusp current system (Potemra, 1994, Yamauchi and Slapak, 2018a) . Cluster data also showed a substantial deceleration of the solar wind together with the 550 anti-sunward acceleration of O + in the plasma mantle (Yamauchi and Slapak, 2018b) .
Eq. 4 does not include the solar wind density or IMF in the first approximation. Instead, ∆K depends on the total escaping mass flux mixing with the solar wind (F O ), which increases for high solar wind energy input (Schillings et al., 2019) . Since the total escaping flux strongly depends on both Kp and the solar wind dynamic pressure (Fig. 3) , particularly on velocity when the upstream solar wind velocity exceeds 500 km/s (Slapak et al., 2017a; Schillings et al., 2019) , this current system forms a strong 555 positive feedback between the escaping flux and the extracting energy, guaranteeing higher energy conversion and escape rate for faster solar wind. This agrees with more drastic response of dayside outflow to Kp compared to the nightside outflow. In this sense, the O + outflow is relevant even to the space weather in addition to the ionospheric physics . However, the solar EUV, solar rotation, and solar wind in the ancient time are most likely much higher and faster than 565 the present days due to much faster rotation compared to the present days (Ribas et al., 2005; Wood, 2006; Airapetian and Usmanov, 2016 . This gives already > 10 17 kg or 10% of atmospheric oxygen content over 1 billion years. Considering that the biological activity is sensitive to O/N ratio of the atmosphere (e.g., Loesche, 1969; Hill, 1976; Harrison, 2010) , this can no , as is suggested by Krauss et al. (2012) and Slapak et al. (2017a) , only 100 million years is enough to affect the bioactivity.
Thus, although the oxygen can be supplied from the ocean, the atmospheric escape to the space could have played some role in the evolution of the biosphere. However, before any quantitative estimate of modelling, we must also consider many other factors such as the neutral escape due to the higher UV flux and weaker terrestrial dynamo (smaller magnetosphere) in 575 the ancient time, as illustrated in Fig. 17 (Yamauchi and Wahlund, 2007) . High UV increases the thermospheric temperature, and hence expands the thermosphere and the exosphere, although cooling by a larger amount of CO 2 in the ancient atmosphere will somewhat ease this change (Tian et al., 2008) . The increased exobase altitude reduces the escape energy as summarized in Table 2 , and makes thermal escape after photochemical heating much more effective.
The weaker terrestrial dynamo and stronger solar wind in the ancient time set back the sub-solar distance of the magne-580 topause where the solar wind dynamic pressure and the magnetic pressure of the geomagnetic field balances (Yamauchi and Wahlund). As the result, neutrals of the expanded exosphere are exposed to the solar wind with significant amount like the Martian case (Yamauchi et al., 2015) . The expanded thermosphere and exobase are normally accompanied by an expanded ionosphere, making the Earth even more non-magnetized type planet in terms of the atmospheric escape. Altogether, neutral escape might become important as summarized in Table 3 , for many of which we do not have enough observational knowledge 585 for quantitative modelling. Nevertheless we at least expect that the escape rate should be more than what is obtained only from the ion escape. In other words, less that 100 million years might be enough for atmospheric escape to affect the bioactivity in the past in the geological scale.
Our observational knowledge is not sufficient for even the present-day's neutral distribution in the exosphere and upper thermosphere. The empirical average such as the MSIS model is not sufficient to model the upper thermosphere and exosphere 590 when modelling the escape (e.g., Meier et al., 2015; Lakhina and Tsurutani, 2017) . For example, local extent of the exosphere, which is one of the most basic parameter, is sensitive to solar UV and geomagnetic activities (Zoennchen et al., 2015 (Zoennchen et al., , 2017 , but the data is not sufficient to include them in the empirical model. The extent of the exosphere that is estimated from the production of newly ionized exospheric hydrogen changes by order of magnitude (seen as pickup ion flux) with only factor of 2 difference in the solar UV (Yamauchi et al., 2015) . However, similar in-situ study at the Earth is not possible due to the lack 595 of proper neutral instruments at altitude 500-5000 km range. To answer neutral dynamics and its escape from altitude above the exobase, we need a dedicated space mission to study both ion escape and neutral escape from the present Earth (Dandouras et al., , 2018 .
Discussion
In this paper, the transport of the terrestrial ions and the behaviors of hot heavy ions in the inner magnetosphere, where outflow-600 ing ions from different routes convolute, have been reviewed, with stress on those overlooked before the Cluster age. Cluster is the first mission that covers all important region for ion escape including polar magnetospheric boundary and plasmasphere with instruments that allows quantitative estimate, as summarized in Table 1 . To cover the most important route and dynamics that is relevant to O + escape, many ion phenomena are skipped. A full description requires an entire book.
The major loss mechanisms of the inner magnetospheric ions, if the change in energy is ignored, are magnetopause shadow-605 ing, the charge exchange, and the scattering to the loss cone. Because of energy dependence of these mechanisms, return rate of O + to the ionosphere is higher for higher energy ions, but its upper limit is about 50%. In other words, the energization in the inner magnetosphere increases the return rate, but by not more than a factor of two. This is in contrast to the energization above the ionosphere, which enhances the escape rate. Since the O + return rate entering the inner magnetosphere is about 50%
or less, while all the other outflowing ions escape to the space, the most important factor that determines the ion escape is the 610 total outflow flux above the ionosphere. In this sense, the outflow value at 2000-4000 km altitude is the most important but only if the ion instrument can covers all the energy range.
The consequences of the O + outflow and dynamics have wide aspects including the ionospheric physic, solar wind interaction with the magnetosphere, space weather, and the astrobiology, in addition to the effect on the magnetospheric activities such as substorms (e.g., Kistler et al., 2005; Kronberg et al., 2014) . For example, the outflow flux is sufficient to activate the 615 mass-loading type energy conversion from the solar wind to the electric current system that closes in the cusp ionosphere, which is independent from the current system driven by the global solar wind-magnetosphere interaction (Yamauchi et al., 2018b) . The total escape rate of O + to the space might have even played some role on the evolution of the biosphere through the change in the atmospheric composition of more than few percent (Slapak et al., 2017a; Dandouras et al., 2018 indirect observations or models (Winglee et al., 2002; Yamauchi et al., 2018b) . Dedicated works and missions are needed to answer all these indications.
Conclusions
The ion outflow from the ionosphere can be classified into three categories when observing in the magnetosphere: (1) cold filling, (2) cold supersonic outflow, and (3) suprathermal and hot outflow. The outflowing suprathermal ions (< 50 eV) above 625 the ionosphere are most likely observed as hot ions in the magnetosphere. Direct destinations of these outflow (Fig. 5 ) ranges from the plasmasphere (innermost) to direct entry into the solar wind in the polar region (outermost). From these destinations, ions start to either circulate in the magnetosphere or escape to the space. Out of these three type of outflow, hot outflow alone causes high escape rate to the space for O + as summarized in Table 1 , making the non-thermal heating as the major escape mechanism among various escape mechanisms (Table 3) .
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As the result of the secondary transport (circulation) and direct injection, the inner magnetosphere becomes a zoo of many different ions and different mechanisms of energization and transport. Some of these mechanisms, particularly for low energy ions, are still un-understood. Particularly, Cluster observed many mass-dependent energization and transport (e.g., Figs. 9a, 10, 12, and 13), although the observations are made inside the geosynchronous distance where the mass-independent drift theory is well qualified.
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The obtained total flux of terrestrial ion escape and its drastic dependency to the solar wind condition indicates that the ion outflow plays active roles on two subjects that have been overlooked in the past, in addition to role in the magnetospheric dynamics. One is the mass-loading effect into the solar wind, which can explain the energy conversion to sustain the cusp current system in the order of magnitude. This interaction promotes the second openness of the magnetosphere, where the openclosed boundary are defined twice, first by the solar wind access point to the magnetosphere, and second by the ionospheric 640 ion access point to the solar wind. The other is the influence on the atmospheric evolution in the geological scale after taking
